INTRODUCTION
Bluetongue virus (BTV) is the prototype of the genus Orbivirus within the family Reoviridae (Matthews, 1982) . Twenty-three serotypes of BTV have been recognized world-wide (Knudson & Shope, 1985) , and serotypes 2, 10, 11, 13 and 17 have been recovered from animals in the United States (Barber, 1979; Gibbs et al., 1983) . The genome of BTV consists of 10 segments of double-stranded (ds) RNA (Verwoerd et al., 1970) that can be separated by polyacrylamide gel electrophoresis into distinct electrophoretic patterns or electropherotypes. Polymorphic electropherotypes have been reported for different BTV serotypes (Gorman et al., 1981; Huismans & Bremer, 1981 ; Knudson et al., 1982) and for different strains within a single BTV serotype (Knudson et al., 1982; Squire et al., 1983) . These polymorphisms have provided useful biochemical markers for the analysis of genetic reassortment in crosses in vitro of BTV (Gorman et al., 1978; Kahlon et al., 1983; Samal, 1985) .
BTV infects sheep, goats, cattle and wild ruminants. In sheep and wild ruminants the disease is often acute and mortality may be high, whereas in cattle and goats the disease is mild and clinically inapparent infections are common. The viraemia in sheep is of short duration (Bowne, 1971) . In contrast, cattle experience a prolonged viraemia which is thought to provide a reservoir for the dissemination of BTV. Furthermore, cattle can become persistently infected with BTV.
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BTV is an arthropod-borne virus, with the biting midge Culicoides variipennis serving as the principal vector in the U.S.A. (Price & Hardy, 1954; Foster et al., 1963) . C. variipennis has been found to transmit BTV biologically among sheep, from sheep to cattle and among cattle (Luedke et al., 1967 (Luedke et al., , 1977 Foster et al., 1980) . After ingestion, BTV replicates in C. variipennis and the fly remains infected for the remainder of its life span (Jones, 1969 , cited in Bowne, 1971 . A fly is capable of taking multiple blood meals during its life span (Jones, 1969 , cited in Bowne, 1971 . Thus, an individual fly could become mixedly infected with different BTV strains by sequential feeding on hosts viraemic for different viruses, or by feeding on a single mixedly infected vertebrate host. The feasibility of either mode of acquiring a mixed infection is supported by the presence of multiple BTV serotypes in many infected herds (Osburn et al., 1981) and the recovery of multiple serotypes from individual infected sheep and cattle (Stott et al., 1982; Oberst et al., 1985) . The genetic consequence of mixed BTV infection of C. variipennis is not known. However, high frequency reassortment has been demonstrated for BTV mixed infections in vitro (Kahlon et al., 1983; Samal, 1985) and might be expected in the vertebrate host or the vector. Experimental simultaneous infection of sheep with two serotypes of BTV resulted in reassortment at a relatively low (5~) frequency (Samal et al., 1987) . In contrast, mixed infection in vivo with either reovirus or rotavirus results in high frequency reassortment (Wenske et al., 1985; Gombold & Ramig, 1986) . The large number of serotypes of BTV suggests that evolution of the virus may be more rapid than can be accounted for by the low reassortment frequency observed in sheep. High frequency reassortment observed in the vector with other segmented genome arthropod-borne viruses (bunyavirus, Beaty et al., 1981 ; Colorado tick fever virus, D. L. Knudson, personal communication) suggests that C. variipennis may provide a more permissive host for reassortment of BTV genome segments. In this report we describe the simultaneous infection of C. variipennis with two serotypes of BTV, and provide evidence for high frequency reassortment of BTV genome segments in the arthropod vector.
METHODS

Cells and viruses.
African green monkey kidney cells (Vero, ATCC no. CCL-81) were used throughout this study. Cells were maintained as monolayers in Medium 199 (1 × 199) prepared as described by Ramig (1982) , containing 5% foetal bovine serum (FBS). After infection, cells were maintained in 1 × 199 containing 2% FBS.
Wild-type BTV serotype 10 (strain BT-8) and serotype 17 (strain 262) were obtained from the Arthropod-borne Animal Disease Research Laboratory, Laramie, Wy., U.S.A., in infected sheep blood. Each strain was adapted to growth in Vero cells and plaque-purified three times. After two passages in Vero ceils, the viruses were again plaque-purified three times and passaged three times in Vero cells to produce the high titre stocks that were used to infect flies (Samal et al., 1987) . Serotypes 10 (BT-8) and 17 (strain 262) were chosen for this study because they allowed genotype determination by electrophoresis for all genome segments except 1 and 3, which comigrated.
Culicoides variipennis. Flies were obtained from the AA colony (Sonora strain) which originated from material collected in 1957 near Kerrville, Tx., U.S.A. The colony has been continuously in the insectarium of the U.S.D.A. Arthropod-borne Animal Disease Research Laboratory since that time. Flies were reared and maintained as described previously (Jones & Foster, 1974) .
Infection ofC. variipennis. Two separate experiments were conducted. In both, flies were used 1 to 3 days postemergence. After sucrose deprivation for 24 h, flies were permitted to ingest an infectious blood meal through a chick skin membrane. The infectious blood meal contained the respective BTV serotype diluted in defihrinated sheep blood (1:4). For simultaneous infection, the two BTV serotypes were diluted 1:2 in sheep blood and combined. The blood was maintained at 39 to 40 °C using a circulating water apparatus (Jones & Foster, 1972 ) that was modified to contain a single feeding chamber. The meal was presented to the flies for 1-5 to 2.0 h. Engorged flies were collected and maintained in pint containers at approximately 25 °C and 40 to 60% relative humidity. Sucrose and water were provided ad libitum until flies were harvested, placed in 4 ml screw-cap vials and stored at -70 °C. Samples of the blood meals were collected from the two experiments and titrated in BHK-21 cells in 96-well microtitre plates (Pantuwantana et al., 1972) . Pre-feed and post-feed virus titres in the blood meals were as follows: BTV type 10, 6-2 and 5.8 loglo TCIDso/ml; BTV type 17, 5.2 and 6.2 log10 TCIDs0/ml; and BTV type 10:type 17 mixed infection, 5-3 and 6-3 log~0 TCIDs0/ml. Initially, flies were recovered from storage at Colorado State University, Fort Collins, Co., U.S.A., triturated, centrifuged briefly to remove large debris, frozen and shipped on dry ice to Baylor College of Medicine, Houston, Tx., U.S.A. for plaque assay. Subsequently however, because of low virus isolation rates, the flies were shipped intact to Baylor where they were triturated and assayed.
Virus plaque assays. Infectious BTV was quantified by plaque assay. Serial 10-fold dilutions of triturated whole flies were made in serum-free 1 x 199. Confluent monolayers of Vero cells in six-well dishes (Costar) were inoculated with 0.1 ml of the appropriate virus dilution and the virus was allowed to adsorb for 1 h. After adsorption, 3 ml of overlay medium was added to each well. Overlay medium consisted of equal parts of (i) 2 x 199 medium supplemented with 0.6 g glutamine, 4-125 g NaHCO3, 0.16 g penicillin, 0.25 g streptomycin, 0.25 g gentamicin, 25000 units mycostatin and 4% (v/v) FBS per litre and (ii) 2~ (w/v) agar. The plates were incubated at 34 °C in a 5 ~ CO2 atmosphere. On the 4th day post-infection 1 ml of overlay medium containing 0-01 ~ neutral red was added and the plaques were counted on days 5 and 6 post-infection.
Isolation and characterization of progeny virus clones. Individual flies were triturated as follows. A fly was firmly held between a sonicator probe and the surface of 1 ml of frozen medium (1 x 199 + 29/00 FBS) and sonicated until the medium was melted. This method gave well-dispersed suspensions of the flies. Triturated individual flies were plated on Veto cell monolayers at dilutions appropriate to yield well-isolated plaques and incubated at 34 °C. On the 6th day post-infection, individual well-isolated plaques were picked irrespective of size and morphology. Each plaque was used to inoculate a monolayer of Vero cells in a 25 cm z flask and high titre stocks were prepared by growth at 34 °C. The electropherotype of each resulting progeny virus clone was determined as follows. Confluent monolayers of Vero cells in 35 mm dishes were infected with I ml of virus stock and allowed to adsorb virus for 1 h at 34 °C. Following adsorption, the inoculum was removed and replaced with 2 ml of serum-free 1 x 199 that contained 50 gCi/ml [32p]orthophosphate and 5 gg/ml actinomycin D, and incubation was continued at 34 °C. Forty-eight h after infection, infected cells were scraped into the medium and pelleted for 10 min at 1000 g. The cell pellet was lysed into 1 ml of NP40 buffer (Borun et al., 1967) containing 0.5~ NP40. The cell lysates were extracted once with NP40 buffer-saturated phenol. The aqueous phase was adjusted to 0.25 M-NaC1, 3 vol. of ethanol were added and the dsRNA was precipitated by incubation for 18 h at -20 °C. The precipitated dsRNA was collected by centrifugation for 1 h at 1000g. The dsRNA pellet was dried and dissolved in 0.05 ml 2 x sample buffer (Laemmli, 1970) . The resulting 32p-labelled dsRNAs were subjected to electrophoresis in 6~ gels (Laemmli, 1970; Gombold & Ramig, 1986; Samal et al., 1987) in slabs 45 cm long and 0.75 mm thick. The gels were run in a Poker-Face apparatus (Hoefer) for 24 h at 350 V. After electrophoresis, gels were dried and exposed to X-ray film. The origin of each genome segment of each progeny clone was determined by comparison to parental markers run in the same gel. The parental origin of genome segments 1 and 3 of types 10 and 17, which comigrated under these conditions of electrophoresis, could not be determined.
RESULTS
Virus isolation from experimentally infected C. variipennis
Flies from the AA colony of C. variipennis were infected by feeding a blood meal containing BTV type 10, BTV type 17, or a mixture of type 10 and type 17. Various times post-infection, individual flies were triturated and assayed for infectious virus by plaque assay (Table 1 ). The recovery of virus from flies was low. Infectious virus was recovered from three (4.4~) of 68 flies fed type 10 virus and from one (2.4~) of 41 flies fed type 17. The recovery rate was somewhat higher for flies fed a mixture of types 10 and 17, with 11 (11.5 ~) of 96 yielding infectious virus. The amount of virus recovered from individual flies was variable and ranged from 2-0 x 101 to 3.8 x 104 p.f.u./fly. Infectious virus could be recovered from flies at times from 7 to 16 days postinfection. However, the proportion of infected flies did not appear to increase with time postinfection (see T10 x T17 experiment I, Table 1 ).
Electropherotypes of progeny virus isolated from C. variipennis
Well-isolated plaques were picked from individual infected flies and used to prepare high titre virus clones. The dsRNAs of these clones were labelled with 32p and subjected to electrophoresis in polyacrylamide gels (Fig. 1) . The electropherotype of each clone was determined to be parental or reassortant by comparison of segment mobility with parental markers run in the same gel. Eight of the 10 genome segments could be electropherotyped by this procedure; segments 1 and 3 of BTV types 10 and 17 comigrated in the gel conditions used. The direct plaque isolation procedure used here avoided the potential for genome segment reassortment during virus isolation, as could occur with other standard methods of BTV isolation. A total of 298 progeny virus clones were analysed, of which five gave rise to electropherotypes with 18 genome segments. These clones were omitted from the subsequent analysis as they apparently arose from mixed plaques. In addition, 10 clones were identified in which segment 8 (two clones), segment 9 (five clones), or segment 10 (three clones) had a slightly altered T10 T17  T10 T17  T10 T17  T10 T17  7 [-1 2 3 4 5 7 [-6 7 8 9 10 7 ~-11 12 13 14 15 7 I- electrophoretic mobility (Fig. 1) . The altered mobility of these segments was reproducible and represented a slight variation in mobility relative to the cognate segment of one of the parental viruses. The segments with altered mobility were arbitrarily assigned parental origin according to the cognate with which they showed slight variation. Altered mobility was noted for segments derived from either parent. The electropherotypes of 293 pure clones isolated from 14 infected flies are summarized in Table 2 . Fifty-four clones isolated from two flies infected with type 10, and 21 clones isolated from a single fly infected with type 17, all had electropherotypes indistinguishable from those of the respective parental viruses. This result suggested that the electrophoretic mobility of genome segments was not subject to variation following replication in the fly. Two hundred and eighteen clones isolated from 11 individual flies that ingested a mixture of BTV type 10 and type 17 were analysed. Three of the 11 flies failed to yield reassortant progeny. In all three cases, only the type 17 parental electropherotype was recovered. The remaining eight mixedly infected flies yielded reassortant virus among the progeny. In five of the eight, only one parental type and reassortants were isolated; the presence of the other parental type was revealed only by its contribution of genome segments to reassortants. In the three remaining mixedly infected flies, both parental types and reassortants were recovered. However, even among these flies, one parental type dominated in the yield. Among the eight reassortant-yielding flies, the frequency of reassortants ranged from 7 to 78 ~ of the progeny. If the data from the flies yielding reassortants were pooled, 52 (29~) type 10, 53 (29~o) type 17 and 75 (42~o) reassortant clones were characterized. from fly 2C; lanes 13, 14 and 15, reassortants from fly 2C. Small arrowheads indicate segments in some progeny clones that have slight mobility alterations relative to the cognate segments of the parental strains. Two clones not shown contained variant segment 8. The large arrowheads bracket segments 5 and 6 of clones from fly 2C. Note the distinct migration of these segments relative to the migration of the cognate segments of both parental viruses. Segments 5 and 6 of clones from fly 2C were not scored for parental origin. 
* Total segregation ratio (T 10/T17) for an individual fly (rows) or an individual segment (columns). Numbers in parentheses indicate percentage type 10 parent of origin.
t The parental origin of segments 1 and 3 of types 10 and 17 could not be determined under the gel conditions employed. In fly no. 2C segments 5 and 6 migrated aberrantly and could not be scored.
Genome segment segregation in reassortants isolated from C. variipennis
The segregation ratios of genome segments in reassortant clones are shown in Table 3 , listed by individual fly. As can be seen in the column showing the total segregation ratio for individual flies (row totals), the proportion of genome segments contributed by the type 10 or type 17 parent varied from fly to fly. In most cases, excepting flies 8F and 10E, the parent contributing the majority of the genome segments to reassortants also dominated among the parental progeny. If the total pool of reassortants was considered, the type 10 (47~) and type 17 (53~) parents contributed genome segments to reassortants equally. If the pooled data were considered for 10  10  10  10  10  17  10  10  10  10  10  10  10  17  10  10  10  10  10  10  17  10  10  10  10  10  10  17  10  10  10  10  10  10  10  17  10  10  10  10  10  17  10  10  10  10  10  17  10  10  10  10  10  10  17  10  10  10  17  17  17  10  17  17  10  17  17  17  10  10  17  10  17  17  17  10  17  10  17  17  17  17  10  17  17  17  17  17  17  10  17  17  10  17  17  17  10  17  10  10  17  17  17  17  17  17  17 * The parental origin of segments 1 and 3 of types employed.
t Number indicates BTV serotype 10 and 17 could not be determined under the gel conditions of origin for indicated genome segment.
examination of segregation of individual genome segments (column totals), most segments appeared to segregate parental origin randomly. However, segment 8 from the type 10 parent appeared to be under-represented among the reassortant progeny. This apparent selection against type 10 segment 8 was seen in all flies, including those in which type t0 dominated the parental progeny, except fly 13 where parental origin segregated randomly. Thus, although segregation of genome segments appeared to be random on a population basis (with the exception of segment 8), the segregation in individual flies was highly variable and appeared to reflect the parental type that dominated the infection. The electropherotypes of all clones derived from fly 2C were unusual in that genome segments 5 and 6 had a mobility totally unlike that seen for the cognate segments of either parent (Fig. 1) . This aberrant migration was observed in progeny with type 17 parental genotype and in reassortants. Parental origin of these segments was not assigned (Table 3) .
Among the 75 reassortant clones analysed, 25 unique electropherotypes were identified (data not shown). Many of the electropherotypes that were identified several times tended to originate from one or a small number of flies. This is illustrated in Table 4 , where the electropherotypes of all reassortants isolated from three individual flies are shown. For example, the reassortant with the electropherotype segment 7 from type 17 and the remainder of the segments from type 10, was isolated five times from fly 8, four times from fly 13 and never from fly 4D. Thus, the electropherotypes of the reassortants tended to vary among individual flies, with each fly yielding a unique set of reassortant electropherotypes.
DISCUSSION
The evolution of multiple BTV serotypes and the diversity seen within single serotypes have long been subjects of interest. The segmented genome of BTV has been suggested as an important feature for the evolution of the virus, because of the high frequency of exchange of genetic material potentially mediated by reassortment. The potential for reassortment between BTV strains has been demonstrated in tissue culture (Kahlon et aL, 1983; Samal, 1985) , but has not been documented in infections of either the vertebrate host or the vector. Recently, indirect evidence for reassortment among BTV strains in nature has been presented (Sugiyama et al., 1981 (Sugiyama et al., , 1982 , and experimental mixed infection of sheep has been shown to yield reassortants at relatively low (5~) frequency (Samal et al., 1987) . However, the great diversity of the BTV genome suggests that evolution may be more rapid than accounted for by low frequency reassortment in sheep, or occasional isolation of a recombinant virus in nature. The replication of BTV to high titre in the vector, C. variipennis (Foster & Jones, 1979) , suggests that the vector may provide an alternative host in which high frequency reassortment could occur. In this report, we investigated the potential for reassortment in C. variipennis mixedly infected with two different serotypes of BTV and documented that reassortment was frequent in the vector species.
Our preliminary experiments indicated that tissue culture-adapted BTV could infect and replicate in C. variipennis. The virus titres observed in the vector with culture-adapted virus were similar to those reported for non-adapted virus (Foster & Jones, 1979) , indicating that adapted viruses and artificially reared flies constituted a reasonable model of BTV infection of the vector. Therefore, experiments could be carried out under conditions where we could control the infection and exclude reassortment during the isolation of progeny virus from the vector. In the experiments reported here, the rate of virus isolation from individual orally infected flies was low. However, this low rate of isolation was not unexpected since (i) the midges used were from a colony that is relatively resistant to BTV infection and (ii) apparently trituration and storage of C, variipennis adversely affected virus isolation. Flies triturated at Colorado State University, refrozen and sent to Baylor College of Medicine for assay had lower isolation rates than the same flies sent intact to Baylor for trituration and immediate assay (data not shown). In future studies, to maximize infection and subsequent isolation of viruses, flies from the AK colony, a colony relatively susceptible to BTV infection will be used, and flies will be processed without intermediate freeze-thaw cycles.
Nonetheless, examination of the electropherotypes of progeny clones isolated from individual infected flies revealed several features of mixed infection of the vector. (i) Simultaneous infection with two BTV serotypes did not result in interference by one serotype with the replication of the other. Three of 11 mixedly infected flies yielded only one parental type among the progeny, an observation that appears to be due to non-random sampling of the mixed viruses in the blood meal rather than interference. This is supported by the replication of both viruses in the majority of the mixedly infected flies. A similar absence of interference has been observed in mosquitoes mixedly infected with bunyaviruses (Beaty et al., 1981) although interference was observed in bunyavirus-infected mosquitoes if the two viruses were fed asynchronously . The possibility of interference in asynchronous mixed BTV infection of flies remains to be examined. (ii) In individual flies that did yield reassortant progeny viruses, one serotype dominated among the parental types found in the progeny. In several cases, the presence of one parent in the mixedly infected fly was revealed only by its contribution of genome segments to reassortant progeny. This suggests that individual C. variipennis may differ in susceptibility to different BTV serotypes, with the result that one parent was able to replicate only in cells also infected by the other parental serotype. (iii) Overall, the frequency of reassortment seen in eight flies that yielded reassortant progeny was quite high (42 ~). This frequency must be considered a minimum estimate since electropherotype determinations were made only for eight of the 10 segments in each clone analysed. However, the frequency of reassortment was highly variable from fly to fly, ranging from 7 to 78~o. The high frequency of reassortment seen in flies was similar to that observed in other members of the Reoviridae (reovirus, rotavirus) when mixed infection of the mammalian host was examined (Wenske et al., 1985 ; Gombold & Ramig, 1986) , and more than eightfold higher than that observed for BTV in sheep (Samal et al., 1987) . The higher reassortment frequency in the vector, as compared to sheep, may result from the prolonged infection and replication of BTV in the vector as compared to the short duration of viraemia in sheep. The high reassortment frequency of BTV in C. variipennis was similar to that seen when other arboviruses have been examined in the vector species (bunyavirus, Beaty et al., 1981 ; Colorado tick fever virus, D. L. Knudson, personal communication) and suggests that the vector species may, in general, provide a permissive host for genetic interaction during mixed infection. (iv) Analysis of segregation of genome segments among reassortants from individual flies showed that each fly yielded a unique set of reassortant electropherotypes. However, if the mixedly infected flies were considered as a population, reassortment appeared to be random for all segments except segment 8. Similar variability in reassortant electropherotypes and segregation ratios has been described for Colorado tick fever virus infections of the vector (D. L. Knudson, personal communication) . The basis for the preferential selection of segment 8 from BTV type 17 in mixed infection of C. variipennis is not understood. Similar non-random segregation of genome segments has been observed in infections of mice with reovirus (Wenske et al., 1985) and rotavirus (Gombold & Ramig, 1986) . However, plating a recombinational mixture on different indicator cell lines can influence the reassortant constellations isolated (Graham et al., 1987) , which may account for the non-random segregation seen in these studies. Therefore, we are unable to determine whether the observed non-random segregation of genome segments was imposed in the infected fly or by the indicator cell line used.
A few (10) of the progeny clones analysed from mixed infections of C. variipennis contained genome segments with slightly altered mobility relative to the cognate segments from the type 10 or type 17 parent. Migration differences were so slight that parental origin could be assigned. The origin of these aberrantly migrating segments is not known, but they could have resulted from point mutations as have been shown to occur in natural infections of BTV (Rao & Roy, 1983) . Alternatively, the aberrantly migrating segments could have segregated from minor variants that were present at low levels in the virus stocks used for the infections. Similar results were obtained when progeny from mixed infections (using aliquots of the identical virus stocks) of sheep were examined (Samal et al., 1987) . The aberrant migration of segments 5 and 6 in all clones isolated from fly 2C was more problematic. The migration rates of these segments were significantly different from those of the cognate segments of either parent. Parental origin of these segments was not assigned. It is unusual that these aberrant migrations of segments 5 and 6 appeared in all progeny clones isolated from a single midge, including both reassortants and the parental type 17. We currently have no explanation for the origin of these unusual segments that appeared in only one midge.
In summary, we have demonstrated that high frequency reassortment can occur during mixed infection of C. variipennis with BTV. This observation, coupled with the observation of high frequency reassortment in the mixedly infected vector for other arboviruses (Beaty et al., 1981 ; D. L. Knudson, personal communication) , suggests that the vector species should be considered a highly permissive host for reassortment-mediated evolution of arboviruses. Furthermore, the ability to infect C. variipennis with attenuated BTV strains (Jochim & Jones, 1966) suggests that reassortment must be considered an important factor when devising vaccination strategies. 
